For the past 15-20 years, the intracellular delivery and silencing activity of oligodeoxynucleotides have been essentially completely dependent on the use of a delivery technology (e.g. lipofection).
INTRODUCTION
It has long been believed that oligodeoxynucleotides, in the absence of a transfection method such as lipofection, cannot be efficiently used as silencing molecules for in vitro studies. This notion was accepted because oligonucleotide polarity renders them impermeable to hydrophobic cell membranes (1) . Further, the observation by microscopy of bright nuclear staining after cellular microinjection or lipo-transfection with fluorescent oligonucleotides has been considered the sine qua non for RNAse H-mediated gene silencing (2) (3) (4) (5) (6) . Thus, the screening of libraries of sequence-complementary oligomers produced by 'mRNA walking' for optimally active molecules has virtually always relied on carrier-dependent cellular transfection. This contrasts with the in vivo situation, where oligonucleotide silencing has traditionally not depended on carrier-dependent transfection.
We have developed a process (called 'gymnosis') that does not require the use of any transfection reagent or any additives to serum whatsoever, but rather takes advantage of the normal growth properties of cells in tissue culture in order to promote productive oligonucleotide uptake. This robust method permits the sequence-specific silencing of multiple targets in a large number of cell types in tissue culture, both at the protein and mRNA level, at concentrations in the low micromolar range. Optimum results were obtained with locked nucleic acid (LNA) phosphorothioate gap-mers.
MATERIALS AND METHODS

Cells
The 518A2 mycoplasma-free human melanoma cell line was a kind gift of Dr Volker Wachek (University of Vienna, Austria). Cells were grown in DMEM (Invitrogen, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, and 100 U/ml penicillin G sodium and 100 mg/ml streptomycin sulfate. Melanoma cells (591.8, 1000 and 1000.36) were isolated from patients with advanced melanomas by Dr J. Kirkwood (University of Pittsburgh, PA, USA), expanded and frozen. These lines were grown in RPMI (Invitrogen) supplemented as above with the inclusion of 1% MEM. HT-1080 fibrosarcoma and Namalwa Burkitt's lymphoma cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA), and were grown in MEM supplemented with 10% fetal bovine serum and 100 U/ml penicillin G sodium and 100 mg/ml streptomycin sulfate. Huh-7 human hepatoma cells were grown in DMEM (Sigma, St Louis, MO, USA). Both media were supplemented with 10% heat-inactivated fetal bovine serum, 2 mM Glutamax, (Invitrogen), 25 mg/ml gentamicin and 1Â nonessential amino acids (Sigma). Stock cultures of all cell lines were maintained at 37 C in a humidified 5% CO2 incubator.
Materials
The anti-Bcl-2 monoclonal antibody was purchased from Dako (Carpinteria, CA, USA). The anti-a-tubulin monoclonal antibody was from Sigma. The anti-poly (ADP-ribosyl)polymerase (PARP) monoclonal, anti-procaspase-3 monoclonal, anti-Bcl-xL polyclonal, anti-Mcl-1 polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-PKC-a monoclonal antibody was purchased from Neo Transduction Laboratories (Lexington, KY, USA). The antisurvivin polyclonal antibody was purchased from Novus Biological (Littleton, CO, USA). Fetal bovine serum was purchased from Invitrogen. A list of the oligomers employed is presented in Table 1 .
Gymnotic delivery of oligonucleotides
Adherent cells were seeded at low plating density in complete media containing 10% fetal bovine serum (FBS) the day before the experiment in 6-well plates, so that they would just attain confluence on the final day of the experiment. The day after plating, oligonucleotides dissolved in PBS were added and mixed. Nonadherent Namalwa cells were seeded at a density of 250 000 cells per well in 4 ml complete media in a 6-well plate. The LNA oligonucleotides were used at a final concentration of 10 mM for these cells. The total incubation time before cell lysis and protein isolation was usually 6 or 10 days at 37 C.
Western blot analysis
Cells treated with oligonucleotides were washed in PBS and then extracted in lysis buffer at 4 C for 1 h. Cell debris was removed by centrifugation at 14 000g for 20 min at 4 C. Protein concentrations were determined using the Bio-Rad protein assay system (Bio-Rad Laboratories, Richmond, CA, USA). Aliquots of cell extracts, containing 25-50 mg of protein, were resolved by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to Hybond ECL filter paper (Amersham, Arlington Heights, IL, USA). After treatment with the appropriate primary and secondary antibodies, enhanced chemiluminescence was performed. The typical margin error for a western blotting is at least 20-25%.
Immunofluorescence
Cells were cultured and treated in LabTek chamber slides (Nunc, Naperville, IL, USA), and treated gymnotically with fluoresceinated LNA oligonucleotides for 1, 3 and 6 days. For immunofluorescence, cells were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 15 min, followed by permeabilization with 0.1% Triton X-100 in PBS for 5 min. Cells were then incubated with 1% bovine serum albumin (BSA) in PBS, pH 7.4, for 1 h at room temperature to block nonspecific binding of the antibodies, followed for 1 h at room temperature or overnight at 4 C with the anti-GW182 primary antibody (Abcam, Cambridge, UK) diluted in the ratio 1:100 in PBS containing 1% BSA. After washing three times for 10 min, rhodamine-conjugated anti-mouse IgG (Santa Cruz Biotechnology) was used as secondary antibody (1:100) for detecting anti-GW182. The cells were then washed and mounted using Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) prior to microscopic analysis. Images were acquired using an Olympus confocal microscope.
Isolation of RNA and RT-PCR
Total RNA was isolated from 518A2 cells using RNeasy kit (Qiagen, Valencia, CA, USA) and quantitated by ultraviolet absorption. RNA was reverse-transcribed using reverse transcriptase-polymerase chain reaction (RT-PCR) reactions based on the Super-ScriptTM One-
Step RT-PCR with Platinum Õ Taq (Invitrogen). Bcl-2 was amplified using 1 mg of total RNA. The forward primer was 5 0 -GGTGCCACCTGTGGTCCACCTG-3 0 . The reverse primer was 5 0 -CTTCACTTGTGGCCCAGATA GG-3 0 . The Bcl-2 amplicon was 459 bp. The primers 5 0 -GAGCTGCGTGTGGCTCCCGAGG-3 0 , forward, and 5 0 -CGCAGGATGGCATGGGGGAGGGCATACC CC-3 0 , reverse, designed to amplify a 246-bp fragment of b-actin were used to normalize for RNA concentration. The RT-PCR products were resolved on 1% agarose gels and visualized by ethidium bromide staining.
Quantitative RT-PCR. Total RNA from Namalwa cells was extracted using the RNeasy kit (Qiagen, The Netherlands) according to the manufacturer's instructions. The reverse transcription reaction was carried out with random decamers, 0.5 mg total RNA and the M-MLV RT enzyme from (Applied Biosystems, Carlsbad, CA, USA) according to protocol. First-strand cDNA was subsequently diluted 10 times in nuclease-free water before addition to the real-time PCR reaction mixture. mRNA quantification of Bcl-2 and GAPDH genes were done using standard TaqMan assays (Applied Biosystems). A 2-fold total RNA dilution series from untreated Namalwa cells served as standard to ensure a linear range (C t versus relative copy number) of the amplification. The Applied Biosystems 7500 RealTime PCR instrument was used for amplification.
In vivo studies in mice
These experiments were performed according to the principles stated in the Danish law on animal experiments and were approved by the Danish Animal Experiments Inspectorate, Ministry of Justice, Denmark. Female NMRI mice were treated intravenously with 0.9% saline or the LNA oligonucleotides as described at doses of 5 mg/kg/ day for three consecutive days, with each group comprising five animals. Animals were sacrificed 24 h after the last dose and liver tissue was dissected and placed in RNA Later stabilization reagent (Qiagen) until further analysis. Total RNA was purified using the Qiagen spin columns according to the manufacturer's recommendations. Subsequently, target mRNA downregulation was quantitated by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR), as previously described.
RESULTS AND DISCUSSION
Gymnotic delivery produces gene silencing
Our initial studies employed 518A2 melanoma cells, a line which is not chemo-sensitized by Bcl-2 silencing (7). We embedded these cells in 3D collagen I gels, and then treated them with 2.5-5 mM SPC2996, a 16-mer phosphorothioate oligonucleotide targeted to the codons 1-6 of the Bcl-2 mRNA. The oligonucleotide also contains two LNA moieties at the 5 0 and one base upstream from the 3 0 molecular termini (Table 1) . These substitutions increase the T m of the mRNA-DNA duplex by $4-6 C/base modification, as well as virtually eliminating 3 0 , 5 0 -exonuclease digestion (8) (9) (10) (11) . After 6 days of continuous culture, the cells were isolated by digestion of the matrix by collagenase type I. After western blotting, substantial (>90%) silencing of Bcl-2 protein expression versus control was observed (data not shown). To the best of our knowledge, it has heretofore not been possible to produce gene silencing in 3D gels when particulates were employed.
Because the oligomers were delivered 'naked' (gymnos in Greek), i.e. without conjugates or transfectants, we have named this process gymnotic delivery. Subsequent experiments were performed in plastic wells in the absence of collagen I, and cells were plated at an initial density such that they would become confluent either by 6 or 10 days. The optimal time for maximum Bcl-2 protein and mRNA silencing by gymnotic delivery in 518A2 cells was found to be 6-10 days ( Figure 1A ) and 3-5 days (Figure 1B) , respectively. Gymnotic delivery of numerous control oligonucleotides to 518A2 melanoma cells did not produce any Bcl-2 protein silencing, demonstrating the sequence specificity of the gymnotic process ( Figure 1C ).
Gymnotic silencing is relatively slow compared with lipofection-mediated silencing, where a standard 4 h of treatment with SPC2996 and 3 days incubation are required for maximal mRNA and protein silencing. (Also unlike lipofection, in which particulate matter precipitates on the cells being transfected, a uniform, defined oligonucleotide concentration in the treatment media is present during gymnosis). If, after 10 days of treatment by SPC2996, cells were re-plated in complete media at the original density and re-treated with SPC2996, silencing was maintained for a further 10 days, until the experiment was terminated when cellular confluence was attained. This procedure was repeated every 10 days for 17 consecutive times, and continuous Bcl-2 protein silencing was achieved for SPC2996 for >180 days in the absence of any carrier ( Figure 1D ). However, when SPC2996 was removed from the media after 10 days of gymnotic delivery to 518A2 cells, Bcl-2 protein expression returned to 50% of the levels of baseline expression in 24 h, and to 100% in $72 h. This was also the case after 180 days of continuous Bcl-2 silencing, demonstrating that the silencing did not occur at the level of cellular DNA ( Figure 1D ). However, phosphodiester SPC2996 (i.e. SPC2996 with no phosphorothioate linkages), with or without two LNA modifications at the 3 0 and 5 0 molecular termini, did not silence Bcl-2 protein expression in 518A2 cells after 10 days of gymnotic delivery (data not shown). This, possibly, is due at least in part to its degradation by endonuclease activity.
Gene silencing by gymnotic delivery is a general phenomenon
Gymnotic delivery of SPC2996 leading to Bcl-2 protein and mRNA silencing could be demonstrated in multiple cell lines. Because of different growth rates, the plating densities of each cell line were determined so that confluence was achieved only at either 6 or 10 days. Efficient silencing (Figure 2A In Namalwa B cells, whose growth is anchorage independent, and which are notoriously resistant to lipofection, gymnotic delivery of the Bcl-2-targeted oligomer SPC2996 led to an 80% decrease in Bcl-2 mRNA expression after 6 days, while no silencing by a RT-PCR evaluation of Bcl-2 mRNA levels in 518A2 melanoma cells demonstrating silencing after 6 days in the gymnotic delivery experiment in Figure 1A . C, untreated control; C*, single primer only. (C) Western blots in 518A2 melanoma cells demonstrating silencing of Bcl-2 protein by gymnotic delivery (6 days) of the sequence-specific anti-Bcl-2 phosphorothioate LNA gap-mer SPC2996. Three control oligomers with scrambled sequence, of which one (SPC3053) has identical chemistry to SPC2996, were inactive. (D) Iterative re-addition of SPC2996 (2.5 mM) produces longterm silencing. 518A2 melanoma cells were treated with SPC2996 at a plating density to ensure that the cells were confluent only by Day 10, and then re-plated at that density in the presence of 2.5 mM oligomer. This process was repeated after 10 additional days. Seventeen repetitions were performed. Bcl-2 protein silencing was continuously maintained after 180 consecutive days. However, if the oligomer was removed after 180 days, baseline levels of Bcl-2 protein were restored after 3 days.
control oligomer was seen ( Figure 2D ). Gene silencing by gymnotic delivery was also efficiently accomplished in multiple cell lines by both anti-survivin and anti-HIF1a oligomers (518A2 and 1000.36 melanoma cells; data not shown), both of which are LNA phosphorothioate oligonucleotides with equal length and design as SPC2996. No silencing was observed with a scrambled version of the anti-HIF-1a oligomer. Dose dependencies were similar to what was observed for SPC2996.
Target-specific effects of gymnotic delivery
It has been previously demonstrated (12, 13) that the lipids (e.g. lipofectin and oligofectamine) employed in oligonucleotide transfection can, in some cell lines, induce marked gene changes that may result in early apoptosis. This is particularly true in 518A2 melanoma cells, where lipofection of SPC2996 effectively silences Bcl-2, but also simultaneously causes PARP-1 cleavage and pro-caspase-3 cleavage to caspase-3 (14) . We examined the silencing of other Bcl-2 and apoptosisrelated targets after 6 days of Bcl-2 silencing by SPC2996 in 518A2 melanoma cells. There were no changes in the levels of expression of Bcl-xL, p21, PKC-a, Mcl-1 or tubulin proteins. PARP-1 and procaspase 3 were not cleaved ( Figure 3) . Levels of survivin protein fluctuated unpredictably from baseline to elevated, depending on the particular experiment, and are thus considered to be epiphenomenal. The cellular internalization of 5 0 -FAM-SPC2996 in 518A2 melanoma cells was determined by flow cytometry after 6 days of gymnotic delivery, and compared with lipofection. After 6 days, a single Gaussian-shaped peak in the histogram of fluorescence channel number versus number of cell sorted was observed (Supplementary Figure S2) , in sharp contrast with the three peaks seen after lipotransfection, where the peak with the highest channel number corresponded to the bright nuclear staining customarily seen by fluorescence microscopy. In contrast, very little nuclear fluorescence, as opposed to cytoplasmic fluorescence, was observed at any time after gymnotic delivery of 5 0 -FAM-SPC2996, a molecule that produces >95% Bcl-2 silencing in 518A2 cells (Figure 4 ). This observation is in sharp distinction to the widely held belief that intense nuclear staining is required for gene silencing (2) (3) (4) (5) (6) . Further, examination of the nuclear (lipofection) and cytoplasmic (gymnotic delivery) fluorescence of this molecule after fluorescence photobleaching revealed rapid recovery of fluorescence in the nucleus, but almost no recovery in the cytoplasm, indicating a strong interaction of the oligomer with intracytoplasmic components (data not shown).
Gymnotically delivered oligonucleotides apparently localize to P-bodies
An anti-Apo-B 16-mer (5 0 -FAM-SPC4007) (15) or 5 0 -FAM-SPC5024, a 12-mer truncated variant, was gymnotically delivered to Huh-7 hepatocellular carcinoma cells for 1 and 3 days each ( Figure 4A and B, respectively) . The cells were then labeled with a GW/P-body-specific antibody targeted to the GW182 protein; it thus detects the cytoplasmic site of the RNA silencing machinery (16, 17) . The apparent co-localization of the 12-mer oligomer with the GW182 protein was observed after 1 day of gymnotic delivery, but only after 3 days for the 16-mer. In addition, the more rapid kinetics induction of GW/P body formation by the 12-mer versus the 16-mer after gymnotic delivery correlated with increased ApoB mRNA silencing in vitro ( Figure 5A ).
Gymnotic in vitro silencing correlates with in vivo silencing
Given the former in vitro requirement for delivery adjuvants, it has always been deemed paradoxical that in vivo silencing by oligonucleotides proceeded in the absence of transfection reagents. We treated female NMRI mice intravenously with SPC3302 (16-mer antiApoB) or SPC3716 (12-mer anti-ApoB) at doses of 5 mg/kg/day Â 3 days; hepatic mRNA was isolated and subjected to qRT-PCR ( Figure 5B ). The decline in ApoB mRNA expression was 2.5-fold greater for the 12-mer versus the 16-mer, although the rate of plasma clearance of the two oligomers was virtually identical (10) . In contrast, when the anti-ApoB 16-mer or the 12-mer was lipofected into Huh-7 cells in vitro, the extent of dose-dependent mRNA silencing favored the 16-mer ( Figure 5C ). Almost identical in vitro and in vivo results were found with an anti-HIF-1a oligomer with the same gap-mer design; the in vivo potency was predicted by the in vitro gymnotic, but not by the transfectionmediated, silencing data.
In retrospect, what we now call gymnotic silencing has been previously observed with thiophosphoramidate oligomers (18) , but to our knowledge it has never been recognized as a general delivery principle. Moreover, LNA gap-mers are not the only chemistry active in gymnosis, 2 0 -deoxy, 2 0 -fluoro, b-D-arabinonucleic acid (FANA) phosphorothioate gap-mers (19) In toto, our data demonstrate that in vitro silencing by the gymnotic delivery of LNA antisense oligodeoxynucleotides, which we have demonstrated in multiple cell lines, with several targets, and in 3D collagen I gels, can be highly efficient and produce far less toxicity than standard lipofection techniques. Further, the long-accepted dogma that elevated nuclear levels of oligonucleotide is a requirement for silencing has been shown to be incorrect. In addition, as the experiments comparing the 16-mer and 12-mer variants of anti-ApoB oligomers demonstrated, in vitro gymnotic silencing may be linked with and be a better predictor of in vivo silencing efficacy than lipofection. Because of the elimination of toxic lipids and all other transfection reagents, we thus believe that the expansion of this simple, accessible method will prove to be paradigm shifting in the area of antisense oligonucleotide research.
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